An accelerated hydrothermal degrading test was designed in order to analyse the synergic effect of water and temperature on PLA/sisal biocomposites with and without coupling agent. As well, the physicochemical properties of biocomposites were monitored along the hydrothermal test by means of Scanning Electron Microscopy, Size Exclusion Chromatography and Differential Scanning Calorimetry. The addition of fibre induced higher water absorption capability and promoted physical degradation, as observed in the surface topography. During the processing of biocomposites and throughout the hydrothermal ageing, a reduction of molecular weight due to chain scission was found. As a consequence, a faster formation of crystalline domains in the PLA matrix occurred the higher the amount of fibre was, which acted as a nucleating agent. Higher crystallinity was considered as a barrier against the advance of penetrant and a reduction in the diffusion coefficient was shown. The addition of coupling agent presented a different influence depending on the composition, showing an inflection point around 20% of sisal fibre.
Introduction
Poly(lactic acid) or polylactide (PLA) is a highly versatile, biodegradable polymer produced from agricultural bases such as corn, beets, wheat and other starchy products [1, 2] . The development of fully biodegradable composite materials based on polylactide and natural fibres has been the aim for researchers in recent years [3] [4] [5] [6] [7] . In order to improve mechanical and thermal properties of the matrix, some natural fibres can be added, which provide reinforcement properties at low cost, low density and high strength and stiffness, environmental friendliness and health/safety factors [8] [9] [10] [11] . However, due to the hygroscopic nature of the fibres, adverse effects may occur during the service life of biocomposites [12] [13] [14] , mainly on the fibre-matrix interphase which can result in cracks and debonding, leading to the development of delaminations [5, 15] .
The strength of the interfacial bond depends on many parameters, including the surface energy, chemistry and roughness of the fibre [16] . There are several alternatives to improve the moisture resistance. For instance, Hu et al. [17] prevented interphase of biocomposites from humidity by coating samples with a thin layer of polypropylene. Other ways to enhance hydrolysis resistance were tried by Kim et al. [18] , by means of the addition of an anti-hydrolysis agent. They also tried to apply electron beam irradiation to a trifunctional monomer added during processing in order to promote macromolecule crosslinking. Le Duigou et al. [19] stated that the manufacturing route is also of great importance not directly in the water absorption kinetics but in other aspects such as mechanical properties of saturated samples. They processed PLA/flax biocomposites by injection moulding and by film stacking, demonstrating that the last process is less aggressive, and showed less degradation after saturation. Other works have shown that the thermal cycle can strongly influence interfacial behaviour. It was observed by Quan et al. [20] that a transcrystalline region can grow oriented perpendicular to the fibre in specific conditions.
The fibre-matrix interphase can also be improved by means of coupling agents, which are usually used to improve the hydrolytic resistance [21] [22] [23] . Polymers with functional groups such as -OH, -COOH in their chain ends, like PLA, and natural fibres with -OH groups, can be chemically coupled [24, 25] . During the coupling process, small dispersed domains are formed, enhancing the interfacial adhesion and reducing the interfacial tension between two immiscible phases. Maleic anhydride (MAH) is one of the most widely used reactive compatibilizers due to its good chemical reactivity, low toxicity and low potential to polymerize itself under free radical grafting conditions [26] .
An accelerated hydrothermal ageing process is a verified tool to assess the degradation behaviour for the composite materials [27] [28] [29] . The hydrolysis of PLA occurs by random cleavage of the -C-O-ester bond by water molecules. This reaction can be increased under acidic or basic conditions or in the presence of high moisture and high temperature [30, 31] . The hydrolysis products, which may contain fragments of lactic acid, oligomers and other water soluble products, can promote a catalysed reaction by the presence of carboxyl groups which change the pH of the material surroundings.
Previous studies [19] have shown that PLA and natural fibre reinforced composites are relatively stable in water at temperatures between 15 ºC and 45°C, following a Fickian water uptake model. However, the simulation of hydrothermal treatments at higher temperatures near the glass transition allows understanding the PLA performance during their service life [27, 32] . Temperatures between 65 ºC and 85 ºC were chosen in this study to simulate the working O. Gil-Castell, J. D. Badia, T. Kittikorn, E. Strömberg, A. Martínez-Felipe, M. Ek, S. Karlsson, A. Ribes-Greus. Hydrothermal ageing of polylactide/sisal biocomposites. Studies of water absorption behavior and physicochemical performance. Polymer Degradation and Stability 2014; 108, 212-222 4 conditions of several applications, such as automobile interior panels.Thus, the aim of this study was to understand the combined influence of temperature, the amount of sisal fibre and the presence of coupling agent on the water absorption behaviour of reinforced PLA biocomposites, and to evaluate the impact on its physico-chemical properties.
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Experimental procedure

Materials description and sample preparation
Polylactide (PLA) 3251D was purchased from Natureworks (Minnetonka, USA) as pellets with a glass transition in 65-70 ºC range. Sisal fibres which came from Thailand were a farming crop from the Thai Royal Project [33] . Their length was about 0.5-1 mm, tensile strength of 550 MPa, tensile modulus of 30 GPa and density about 1.5 g/cm 3 . Dicumyl peroxide (DCP) 98%
(Sigma-Aldrich, Sweden AB) and maleic anhydride (MAH) M188-99% (Sigma-Aldrich, Sweden AB) briquettes were used as free radical initiator and coupling agent, respectively.
Prior to processing, virgin PLA (VPLA) and sisal fibre were dried in an oven at 80 º C during at least 12 hours and kept in zip bags to prevent the presence of moisture during processing. The VPLA polymer and MA were prepared separately by grinding through a 1 mm sieve. The fibre contents in the biocomposite were formulated as 10%, 20% and 30% by weight with and without coupling agent. In case of not using MAH, composites were prepared in an internal mixer (Brabender, Germany) during 5 minutes at 180 ºC and 50 rpm of speed. The resulting biocomposites were labelled as PLA10, PLA20 and PLA30. On the other hand, when coupling agent was used, MAH 2.5% and DCP 0.3% by weight were added in molten polymer. These percentages were chosen according to Hwang et al. [34] who suggested a better compatibilization for these quantities. After that, PLA matrix with coupling agent incorporated was mixed with fibres in the percentages described above during 5 minutes at 180 ºC and 50 rpm of speed resulting in PLA10C, PLA20C and PLA30C.
The compounded PLA/sisal biocomposite was then ground and the granules dried at 80 ºC in the oven during at least 12 hours before further compression moulding, in order to avoid the hydrolysis degradation by moisture during the thermal process. Biocomposite probes were fabricated by using a compression moulding equipment (Fontijne Presses, Netherlands). The sheet shaped biocomposites preparation procedure consisted on preheating the press to 200 ºC for 2 min, and applying a compression force of 150 kN during 2 min. The thickness of the sheet samples was 0.5 ± 0.1 mm. All the operations were performed under vacuum conditions. Finally, all compounded biocomposites were dried in a vacuum oven and then kept in zip bags and placed in a desiccator for further analyses.
Hydrothermal ageing procedure
A normalized water absorption test reported in the ISO 62 -method 1 [35] was adopted as hydrothermal ageing environment, modifying the temperature specifications to the desired ageing conditions. Initially, the specimens were dried at 50 ºC in a vacuum oven (Heraeus Vacutherm 6025) during 24 h, and then kept in a desiccator at normalized lab conditions according to ISO 291 [36] . Samples of VPLA and composites were submerged into distilled water at three different temperatures (65, 75, and 85ºC) below and above the glass transition (~70 ºC) and below the cold-crystallization of PLA (~105 ºC) [37] .
Analytical monitoring of hydrothermal ageing
The hydrothermal ageing process was monitored by several techniques in order to evaluate effects of hydrothermal degrading conditions along the water absorption process, on the samples submitted to hydrothermal testing. Samples were analysed for different times during the assay for a given temperature and a given material, so the material could be analytically characterized along the whole process of hydrothermal degradation. These times of the water absorption assay were those corresponding to samples at 0, 25, 50 and 100% of water saturation mass (M S ), referred for each one of the materials.
Water uptake
After certain periods of time, the specimens were removed from water, gently wiped to get rid of surface moieties, then weighed by means of a scale (Mettler Toledo AB135-S) with a precision of 0.1 mg and finally submerged back into water. Increment on the sample mass due to the water absorbed along the aging process (M t ) was calculated according to Eq. (1).
( 1) where m t is the weight measured during aging and m 0 is the weight at the beginning.
In order to obtain comparable water absorption plots, the test extent was considered as the triple of the saturation time for the material with slower saturation rate, in order to assure that the mass uptake profiles got to an asymptotic line, meaning the completion of the saturation. Therefore, the saturation mass M S was taken as the M t at the equilibrium. The average content of absorbed water was calculated by quintuplicate by weigh difference.
The solution to Fick's law for diffusion is different depending on the geometric structure of the material under study [38] . For plane sheet geometry, if the mass uptake at time t is used as M t and the water uptake at the equilibrium as M S , Fick's law can be simplified using Stefan's approximation (Eq. (2)) [38] . This estimation is used for describing the earlier stages of water uptake, usually for M t /M S ≤ 0.5.
where D is the diffusion coefficient. By plotting the M t /M S ratios as a function of the square root of time, the slope of the plot Ө can be calculated, and D calculated according to Eq. (3).
Field Emission Scanning Electron Microscopy (FE-SEM)
The topography of the specimens was analysed by means of a Zeiss Ultra 55 Field Emission Scanning Electron Microscope (Oberkochen,Germany). The degraded and non-degraded samples were cut into small pieces and dried at 50 ºC in a vacuum oven for 24 h and then kept in desiccator during 48 h before SEM sample preparation. The residual water content was expected to have vapored physical bonded water and only remain chemical bonded water. The pieces were mounted on metal studs and platinum sputter-coated layer during 10 seconds using a Leica EM MED020 high resolution sputter coater (Wetzlar, Germany). Testing was performed at room temperature with a 1kV voltage.
Size exclusion chromatography (SEC)
In order to monitor the loss of molecular weight of PLA and composites along the whole ageing process, size exclusion chromatography (SEC) analysis was performed. Samples were dissolved in chloroform (Fluka, purity of 99%) with a concentration of 3-5 mg/ml at room temperature for 1 h. This solution was filtered under vacuum over PTFE 0.45 micrometers pore membranes for removal of contaminants and fibres before injecting into the SEC column. The polymers were analysed by triplicate with a Verotech PL-GPC 50 Plus system equipped with a PL-RI Detector and two PLgel 5µm MIXED-D (300x7.5 mm) columns from Varian. The samples were injected with a PL-AS RT Autosampler for PL-GPC 50 Plus, in which chloroform was used as mobile phase (1 ml/min, 30 ºC). The calibration was created using polystyrene standards with a narrow molecular weight distribution. Corrections for the flow rate fluctuations were made using toluene as an internal standard. Cirrus GPC Software as used to process data and obtain number-average molecular weight ( ) as well as polydispersity index (PDI).
Differential Scanning Calorimetry (DSC)
Calorimetric data of non-degraded samples and those subjected to the hydrothermal ageing process were obtained by Differential Scanning Calorimetry by means of a Mettler-Toledo DSC 820 series (Columbus, OH). The DSC equipment was calibrated following the procedure of In and Zn standards. The samples, with a mass of about 4 mg were analysed between 0 and 200 ºC with a heating rate of 10 °C/min. All experiments were run under nitrogen atmosphere (50 ml/min). The specimens were characterized at least by triplicate and the averages of temperatures and enthalpies were taken as representative values.
The PLA matrix relaxations associated to the glass transition, cold-crystallization and melting could be appreciated in the thermograms for all samples along the first heating scan. These three thermal events are typical for semi-crystalline PLA based composites [39] . The temperature (T sr-P ) and enthalpy (Δh sr ) associated to the structural relaxation were evaluated from its peak and area using constant integration limits and a smooth polynomial function (sp-line) as baseline.
The cold crystallization and melting temperatures (T cc and T m ) were determined from their peaks in thermograms and the enthalpies associated to those events (Δh cc and Δh m ) were determined using constant integration limits. The degree of crystallinity (X c ) was calculated by Eq. (4). (4) where Δh m0 is the melting enthalpy for a 100% crystalline PLA (93 J·g -1 [40] ), and (1 -m f ) is the weight fraction of PLA.
O. Gil-Castell, J. D. Badia, T. Kittikorn, E. Strömberg, A. Martínez-Felipe, M. Ek, S. Karlsson, A. Ribes-Greus. Hydrothermal ageing of polylactide/sisal biocomposites. Studies of water absorption behavior and physicochemical performance. Polymer Degradation and Stability 2014; 108, 212-222 8 Figure 1 shows the percentage of water absorption M t for virgin PLA and composites at the three hydrothermal ageing temperatures T HA chosen for the study. Water absorption increased as the immersion time did until equilibrium was achieved. Under glass transition (65 ºC), all curves displayed three stages, seeming to follow Fickian behaviour: fast sorption at the initial stage and slow sorption thereafter, followed by asymptotic saturation. However, at temperatures above T g (75 and 85 ºC), more than three stages seems to take place, in accordance with bibliography [19, 41] . This complex and non-Fickian behaviour has been attributed to the development of surface microcracks, through which water can swell fibres, resulting in capillarity phenomenon. As expected, higher temperatures seemed to accelerate the water uptake behaviour. This is in accordance with most of the moisture absorption studies on natural fibre composites [19, 41, 42] . When the T HA was increased, the water saturation time was greatly shortened (from ~8000 s at lower temperatures to ~3000 s at higher ones), which may be attributed to the different penetration rate of water into the material. For all T HA , VPLA attained the minimum value of water absorbed (~1%). This value was in consonance with other studies, as reported by Wang. et al [43] . For all temperatures, it can be observed that in early stages of hydrothermal ageing, biocomposites gain much more weight than VPLA as a consequence of the cellulose present in sisal fibres [44] . The materials with higher sisal fibre (30%) absorbed more water at saturation, reaching ~10% M S .
Results and discussion
Water uptake
For a given T HA , sisal fibre in composites contributed to reach higher water saturation mass from 3% to 10%, which may be attributed to its hydrophilic nature by virtue of the presence of an abundance of hydroxyl groups on the cellulose molecules which are available for interaction with water molecules [44] . Natural fibre can easily bond water molecules, thus resulting in higher water absorption.
In order to evaluate the influence of coupling agent, a comparative representation for VPLA and biocomposites at 65, 75 and 85 ºC is shown in Figure 2 . As can be seen, the saturation mass (M S ) presented a changing in trend for compositions around 20% of sisal fibre. Note: all data relayed in a maximum ~5% of experimental deviation.
Water transport
The water diffusion coefficients with the experimental standard deviation for PLA/sisal biocomposites are shown in Figure 3 for all hydrothermal ageing temperatures. The obtained values were comparable to those reported for polylactide in previous studies [32] and changed in the same order of magnitude with the addition of fibre, as reported in literature [41] . As expected, D increased with T HA [45] , more for VPLA (from ~2 ·10 The influence of sisal fibre and coupling agent in D showed two well differentiated behaviours depending on T HA .
Below the glass transition, the polymer chains maintained the morphology and structure determined by processing. In this case, a sinusoid tendency was observed when fibre content increased. However, when coupling agent (CA) was incorporated, the trend shape was similar, but for different compositions. This behaviour suggested a different effect of CA in D depending on the amount of fibre, showing an inflection point around 20%.
Above the glass transition, that behaviour disappeared, where the polymeric chains are in a lower energy state. An abrupt diminution of D was shown when sisal fibre content increased, regardless of the presence of coupling agent. For those temperatures, although the hydrophilic character of fibres should indicate an increase of the diffusion coefficient, the reduction of D suggested that some changes occurred in the internal structure of the composite. Those changes provoked an obstruction of the advance of penetrant along the composite sheet. This occurred as inorganic fibres were present [46] . Previous studies for PLA showed that only amorphous phase is permeable to water [47] while the crystal growing could be the cause of diffusion coefficient reduction [32] . As it was observed by Quan et al. [20] , a transcrystalline region can grow oriented perpendicular to the fibre when temperature is increased, decreasing the transport paths of the water molecules and the water-interaction within the composite, resulting in global lower diffusion coefficients. 
Physico-chemical performance
The presence of water into the polymer matrices in combination with the temperature effect could be a cause of microstructure change and modification of the final performance of the PLA/sisal biocomposites. Plasticization of the amorphous regions, hydrolytic chain scission and/or crystallisation events that can promote a change on internal material structure were thus taken into account in this section.
Surface topography
In order to observe the topographical defects caused by the presence of fibre, coupling agent and the hydrothermal test, the PLA/sisal biocomposites were considered for being analysed by field emission scanning electron microscopy (FE-SEM). As example, Figure 4 displays the surface morphologies of VPLA and PLA/sisal biocomposites non-degraded and after the hydrothermal ageing process at 85 ºC. The influence of coupling agent (CA) was assessed in PLA30/30C. The rest followed the same behaviour.
Before degradation, VPLA showed a neat surface, only altered by surface defects which may be caused during processing. A pattern of parallel lines was observed, due to the mechanisation of hot plates in which the material was processed. For PLA/sisal biocomposites, microcracks appeared on the surface due to the presence of sisal fibre, which caused mechanical damage to the PLA matrix. Moreover, a rougher surface is shown. When CA was incorporated, this cracking effect caused by sisal fibre seems to be smaller, and a smoother surface can be observed, probably due to a more cohesive structure and the plasticizing effect of MAH [34] .
After hydrothermal ageing, a smoother surface was observed, due to the synergic effect of temperature and water which promoted a reorganisation of polymer chains in a more relaxed structure. In general terms, the analysis of the surface morphology showed physical degradation promoted by absorbed water. For VPLA, no cracks were observed after hydrothermal treatment at 85 ºC. This was not the case of the PLA/sisal biocomposites, in which cracking grew, more when the fibre content increased. As suggested by other authors [41, [48] [49] [50] [51] , a differential swelling of fibre and matrix developed stress at interphase region, that leaded a microcracking mechanism in the matrix by swollen fibres.
The addition of CA produced a diminution of size of cracks and an apparent less degradation. It may suggest that structure of biocomposites is more cohesive and compacted. A better affinity between fibres and matrix seems to take place. However, microcracks and delamination still occurred but in a lesser extent. For the case of PLA30C shown in Figure 4 , presence of coupling O. Gil-Castell, J. D. Badia, T. Kittikorn, E. Strömberg, A. Martínez-Felipe, M. Ek, S. Karlsson, A. Ribes-Greus. Hydrothermal ageing of polylactide/sisal biocomposites. Studies of water absorption behavior and physicochemical performance. Polymer Degradation and Stability 2014; 108, 212-222 11 agent not only contributed to reduce cracks, but also to reduce water saturation mass, as seen in water uptake section (Figure 1 ). Figure 5 shows the evolution of the number-average molecular weight (M n ) and polydispersity index (PDI) for all biocomposites subjected to hydrothermal ageing at 65, 75 and 85 ºC.
Non-degraded
Molecular weight
Before hydrothermal ageing, materials showed a linear reduction of the molecular weight when fibre percentage increased whilst a non-linear decrease was observed for composites with coupling agent (CA). Sisal fibre increased the viscosity and shear during processing which caused chain breakage, as suggested by Le Duigou et al. for injected PLA/flax biocomposites [19] . Particularly, the effect of CA in the reduction of M n was much more significant than the effect of fibre. It can be observed that coupled biocomposites (PLA10C, PLA20C and PLA30C) showed a similar reduction in molecular weight after processing (~40%) compared to VPLA. The formation of radical species due to introduction of dycumyl peroxide (DCP) followed by a maleic anhydride (MAH) branching reaction could occur, leading to a decrease in number average molecular weight [34] . The increase of polidispersity index (PDI) may be due to the increase of cleavages of high molecular weight segments. Ester bond hydrolytic scission of PLA occurs randomly since longer chains of the polymer become more susceptible to cleavage than the shorter ones [30] .
After hydrothermal process for all materials and temperatures, M n decreased significantly. The SEC analysis revealed that the degradation of PLA biocomposites was not linearly dependent on time of immersion. It was faster degraded in the early stage of water absorption and tended to decrease slowly thereafter. All saturated materials showed a reduction in M n between 30% and 50% with respect to non-degraded samples. The highest degradation rate during the first stage of immersion was due to a greater activity of water molecules as compared to equilibrium state [52] . A statistical chain breakage at the ester bond in the PLA and a depolymerisation process are the mechanisms which could result from that irreversible chemical degradation [53] . However, some changes occurred in the microstructure which acted as a barrier against water. Consequentially, the overall hydrolysis of polymeric phase was retarded. 
Thermal properties and crystallinity
Thermograms of the first heating scan are shown in Figure 6 and display the evolution of the main thermal events along the hydrothermal treatment (0, 25, 50 and 100% of saturation). Main temperatures and enthalpies are gathered in Tables 1, 2 and 3 . Several remarks from these results are detailed for each thermal event: structural relaxation, cold-crystallization and melting.
The structural relaxation enthalpy (Δh sr ) and its associated peak (T sr-P ), related to the physical ageing phenomenon, decreased along the absorption process for all cases, reaching lower values for composites when fibre content increased. As can be seen in Figure 6 , the decrease of Δh sr and T sr-P was faster for high temperatures, indicating a plasticizing effect of water in the polymer matrix [32] , more important when water absorption increased.
With regards to the cold-crystallization phenomenon, its enthalpy (Δh cc1 ) and its peak temperature (T cc1 ) were evaluated. When the water saturation increased, T cc1 was generally displaced to lower temperatures, between 1 to 7 ºC as an indication of chain scission, due to the presence of shorter polymer chains. In addition, Δh cc1 decreased until disappear for high water absorption. This phenomenon was accelerated by the presence of fibre and coupling agent, which might acted offering nucleating domains. In summary, during the water absorption process the potential crystallinity of each sample was reached, as also was observed in previous studies for reprocessed polylactide [32] .
Finally, the melting enthalpy (Δh m ) and its peak temperature (T m ) were evaluated. Δh m slightly increased (no more than 15%) while T m did not substantially change. That means that the melting process was similar for an equivalent crystalline nature. Regarding to the crystallinity degree (X c ), it increased along the water absorption process which reached values between 40% and 45%. In order to compare crystal growing rate, the parameter X c /X cs , can be assessed [32] where X cs is the value of the maximum potential crystallinity for each sample. In Figure 7 , results of X c /X cs are plotted against the hydrothermal ageing time. The achievement of the X cs was faster for 85 ºC than for 75 and 65 ºC. This tendency was shown for all materials and temperatures, meaning that the composite structure changed during the hydrothermal treatment. The effect of interactions with water and temperature were likely to have enhanced the mobility of the PLA chains and acted as a driving force to form crystalline structures [32] . The presence of sisal fibre enhanced that behaviour, due to its ability to act as nucleating agent, promoting the formation of more crystalline phase. Figure 7 shows that the initial portion of crystalline phase of non-degraded samples was bigger for composites than for virgin PLA, suggesting that sisal fibres promoted the growth of crystalline phase during the processing of materials. As composites reached a bigger portion of their X cs during processing, the increment in crystallinity during the water absorption process was bigger for VPLA (~60%) than for composites (~30-50%).
As well as for the diffusion coefficient, the evolution of crystallinity showed an anomalous behaviour under glass transition (65 ºC). Coupling agent had an atypical influence at this temperature. However, at 75 and 85 ºC, crystallinity grew and diffusion decreased when fibre increased. Figure 8 shows that above T g , the coupling agent slightly promoted more crystallisation. All these results are in concordance with the diffusion coefficient D behaviour, which decreased when the fibre content increased. More crystal phase formation was favoured by sisal fibre which acted as a nucleating agent, hindering the advance of penetrant and decreasing the transport paths of the water molecules. 
Conclusions
The influence of fibre in PLA matrix along with the incorporation of coupling agent provoked a chain scission phenomenon during processing. A reduction in the number-average molecular weight and an increase in polydispersity index were shown. Moreover, a diminution of the cold crystallization temperature in composites suggested shorter polymer chains. All that effects together with the nucleating ability of fibre, contributed to higher crystallinity in all biocomposites.
The application of normalized water absorption experiments was useful to simulate and monitor the degradation induced by accelerated hydrothermal treatment on PLA/sisal biocomposites. Along the hydrothermal ageing treatment, the behaviour of the PLA/sisal biocomposites can be sequenced as follows:
i.
Swelling took place for all materials and temperatures. Water saturation mass increased for composites due to the incorporation of fibre, which generated more penetration paths. Temperature enhanced water saturation phenomenon, showed by shorter saturation times and higher diffusion coefficients. ii.
Surface was weakened caused by differential swelling between fibre and matrix. As observed by electron microscopy, a cracking effect occurred, promoting capillarity and transport of water moieties. iii.
Chain scission phenomenon was revealed by a decrease in the molecular weight of polylactide matrix and a wider molecular weight distribution was observed. iv.
Crystal formation was developed, as showed the increment of crystallinity index. Due to the hydrolysis, along with the effect of temperature, a fast movement followed by a restructuration of the polymer chains occurred, favoured by nucleating ability of sisal fibres. v.
Hindrance of water absorption occurred in all materials. For composites, it was higher when sisal fibre increased. A reduction of the diffusion coefficient was shown, suggesting that crystal formation acted as a barrier and hindered the advance of penetrant. vi.
The addition of coupling agent showed slightly different influence depending on the composition and hydrothermal ageing temperature. An inflection point around 20% of sisal fibre was found for the tendency of some parameters (M S , D and X C ). This difference was more visible for ageing temperatures below than above the glass transition.
